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A simple analytical model is developed for the simulation of seasonal heating and
cooling loads of any class of buildings to complement available computerized techniques
which make hourly, daily, and monthly calculations. An expression for the annual energy
utilization index, which is a common measure of rating buildings, having the same
functional utilization, is derived to include about 30 parameters for both building interior
and exterior environments. This article, the first of two parts, reports on the sensitivity of
a general class building to either controlled or uncontrolled weather parameters. A
hypothetical office-type building, located at the Goldstone Space Communication
Complex, Goldstone, California, is selected as an example for the numerical sensitivity
evaluations, Several expressions of variations in local outside air temperature, pressure,
solar radiation and wind velocity are presented. Further study is planned to cover in the
ensuing parts the effects of the major parameters of interior building environment.

I. Introduction

Efforts to reduce energy consumption in residential and
nonresidential buildings have been addressed quantitatively in
enough detail in the literature. Several solutions have been
proposed in the form of energy conservation regulations,
standard measures, or procedures. Local government offices at
city, county, and state levels, together with utility companies,
private industries, and other institutions have been updating
these regulations to suit the general need. Common modifica-
tions such as changing room temperatures in offices down to
18.33°C (65°F) in winter and up to 25.56°C (78°F) in
summer, adding or increasing insulation materials to exterior
walls, preventing air leakage by weather-stripping, reducing
domestic hot water temperatures in boilers down to 40.56°C
(105°F), etc., are a few examples to save the building or
facility owner some maintenance and operation costs. The
impact, however, of implementing these modifications and
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others on different types of buildings will not be the same
since the savings depend on local weather conditions, building
size, occupancy density, building activity, lighting levels,
internal electrical loads, type of automatic controls, utility
cost structure, etc. Taking different weather conditions, for
instance, a 1% percentage change in the site heating degree
days (HDD) in a selected winter month, around its design or
average profile, will cause different percentage changes in the
energy consumption for that month if an office building, a
central control building, a hospital, a theatre, or a hotel are the
buildings under observation.

Other building simulation computer programs have also
been developed by various utility companies, architect/
engineering offices, consulting engineers and other private
profit making and nonprofit organizations. These computer

programs are considered valuable tools for the hourly, daily,




monthly and yearly simulations of a given building. The latter
could be either in design stage or under a retrofit. To develop a
general sensitivity model using these computer programs,
many different buildings have to be tested. This proves to be a
costly and a cumbersome task, although the technique is
advantageous when only a single building is studied. An
analytical model of less complexity and use cost thus needs to
be established instead.

At the Deep Space Network communication complexes,
the above energy conservation measures, in addition to other
unique measures, have been studied, designed and imple-

mented as part of a NASA-wide energy conservation program.

Also, a computer model for energy analysis has been devel-
oped as a tool (Ref. 1) to facilitate the energy computations
for over 200 buildings throughout the Network. Although the
Network buildings can be grouped into several categories of
similar functions, such as control buildings, office buildings,
cafeterias, etc., the building size, orientation, energy loads, and
environment are different. This will result in different
responses to the same energy measures when implemented.
Because it is known that these differences are small if the
savings are expressed per unit gross floor area, grouping of
buildings that have the same function is made to be compared
on a uniform basis. Though the computer-aided design tools
are more accurate and produce results that are specific to a
particular building, general but simpler techniques are also
sought for a quick evaluation and screening of measures and
the understanding of the physical meaning of both building
and equipment behavior under varied operating conditions.

The model should be structured to enable analysts to group
analogous buildings which have the same function and
occupancy activity but are of different size and floor area for
handling on a similar basis when modifications or measures are
proposed. The objective of this study is directed toward
developing this analytical model for a general-class building.
Various simplifying assumptions are made and presented in
Section II in order to reduce the complexity of the multi-
variate problem at hand and to identify the key parameters
affecting the total energy consumption and cost. The sensi-

_tivity analysis and the parameterization of these key variables
are presented next for an example building to give numerically
the relative magnitudes and trends of changes. Exterior
weather patterns are studied first and presented in this part of
the study. The rest of the operating system parameters will be
addressed in a following report. While some parts of the
present study are described, in some detail, to be viewed by a
wide audience spectrum, the study is not intended to review
the technical performance at the components level but to
cover the whole building treated here as the system for a
complete sensitivity analysis.

Il. Energy Model and Assumptions

Although buildings operate differently in general, some
classifications could still be made according to their function
and internal loads. Many differences, however, still exist
within same function buildings regarding the size of air-
conditioned zones (or spaces); the capacity, and type of
fan-coil units, air-handlers, coolers, boilers, furnaces, and
heaters; the wattage, and type of lighting equipment; the
wattage and type of motors, machines, electrical and elec-
tronic equipment; the number and activity of occupying
people; the number and type of automatic temperature,
pressure, humidity and flow controls; the hours of building
operation; the design inside temperatures, etc. Different
buildings may look different on the inside and the outside.
However, from an energy consumption viewpoint, there are
several common features that could be shown. These features
are essential in forming the basis for the present model.
Figure 1 depicts an interior building envelope with boundaries
encompassing the building structure, occupants, and all
internal functional equipment such as lighting, machinery,
etc., except the heating, ventilation and air conditioning
(HVAC) equipment. The HVAC equipment, although physi-
cally placed either inside or on the roof of the building, is
treated in the model as external equipment to the building
envelope. The selected control volume boundary hence
encloses the building interior conditioned space, heating and
cooling coils, while it leaves in the surroundings the HVAC
equipment prime movers (such as boilers, chillers, electric
motors for driving fans, motorized dampers, circulating pumps
for cold and hot fluids etc.) in addition to the external
outdoor equipment (such as external lighting, heated pools,
etc.).

In air conditioning practice, a fraction e of the total air
flow (which ranges between O and 90%) leaves the air-
conditioned space as exhaust air, and the balance returns to
the fan-coil unit for reutilization in air conditioning. This
percentage of the circulated air that is vented to the
atmosphere as exhaust air is replaced equally by fresh outside
air as a ventilation air. The ventilation process causes an
additional burden on the air-conditioning system, depending
on the fraction €. The selection of the control surface, as
illustrated in Fig. 1 to include this air circulation loop, is more
suitable for energy analysis than when the building interior
alone, without the air circulation loop, acts as the control
volume.

The following assumptions and idealizations are made to
simplify the analysis:

(1) A general-class building, with its multiple air-
conditioned zones, air handlers, heaters, coolers,
mechanical and electrical equipment, is treated as a
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single macro-air-conditioned space with two air
streams — air supply and air return streams. The
average inside design temperature T}, at any period, is
taken as the weighted average of all the air-condi-
tioned zones, with each zone represented by its share
of the air flow rate. The volume of the equivalent
air-conditioned space £2 is the sum of individual zone
volumes, and the equivalent air flow rate Vis assumed
the sum of individual zone rates.

A general-class building could also be divided into
several major sections where heating and cooling
requirements are always at odds with each other
throughout a given season. This case, however, should
be distinguished from different intrinsic zone require-
ments during a given heating or a given cooling season.
To illustrate this point further, consider for instance
an industrial building which is divided into an office
section and a machinery section. Within the office
section, several air-conditioned zones may be present,
with each having a minor variation of internal loads.
All the zones within the office section may require
either cooling or heating energies at a given time
period. Also, the machinery section could be divided
into several air-conditioned zones, with each generat-
ing internally an excessive amount of heat due to the
operating machines. Subject to the internal load
magnitude, the machinery section may require only
cooling energy throughout the year, regardless of the
exterior weather conditions. Hence, in the winter
season, for instance, the two building sections will be
in a different mode of air-conditioning. Therefore, for
this type of building, subject to the size and energy
requirement and mode of air-conditioning of each
internal building section, the analyst should select
either the simple approach of averaging the building
conditions as one macrozone is appropriate or other-
wise divide the building into a number of sections.
The study model will proceed assuming the building is
represented by a single macrozone composed of
several analogous zone energy requirements.

The exterior outside air temperature variations
throughout the year are assumed for energy analysis
to be categorized into only two seasons: summer and
winter. Spring and fall periods will be merged as
appropriate such that the summer and winter seasons
occur for M and M, months, respectively, which are
not necessarily equal, but total 12. Heating energy is
commonly consumed in the winter season, and
cooling energy is commonly consumed in the summer
season, with possible overlapping depending on the
type of air handler and the internal load profile.
Heating and cooling modes will not necessarily occur

(3)

in winter and summer, respectively and their energy
requirements are allowed in this general model to
occur simultaneously, to suit different air-handling
mechanisms. Hence, a distinction should be made
between summer and winter seasons and cooling and
heating modes.

Variations of outside air temperature, throughout a
given time period, are generally not predictable and
uncontrollable. However, statistical averages obtained
from weather bureaus for a particular hour, day, or
month, for instance, are found satisfactory for the
analysis. The longer the statistical period, the better
the expectation of energy consumption will be.
Available monthly or yearly data of cooling degree
days (CDD) or heating degree days (HDD) for many
locations (Refs. 2-6) could be converted, by simple
expressions, to give the monthly and seasonal average
outside air temperature. In the present model, only
two average outside air temperatures are assumed to
represent the weather pattern for the two seasons:
T, , for the summer season and T,,,, for the winter
season. These two temperatures are obtained by
averaging the daily or monthly temperatures over the
season period. To avoid the transient hourly heat
transfer mechanism to and from a building, the
minimum period of the system study is taken as 24
hours or one day.

(4) The internal heat gain to (or loss from) a building

space (), is then taken as the sum of three major
quantities, The first, the internal heat generated Qg, is
itemized into the following five categories: (a) due to
occupants @, (b) due to lighting Q,, (c) due to
electrical and electronic equipment Q,, (d) due to
mechanical equipment with electrical drives @,,, and
(¢) due to internal fuel-fired appliances O, such as
ovens, ranges, etc. The second quantity is the heat
transmitted to and from the building structure Q,,
which is divided into two categories: (a) a solar heat
portion Q,, due to direct solar radiation incidence
upon fenestration areas and to indirect solar radiation
falling on exterior walls and roofs (the solar heat is
assumed independent of outside air temperature
variations, although it takes into consideration reradi-
ation to the sky), and (b) the heat transmission due to
varying outside air temperatures on walls, roofs,
floors, and glazing areas Q,. Note that the heat
exchanged and transmitted through interior walls or
partitions inside the control volume, separating
specially controlled zones, which are kept at specific
temperature patterns different from their neighbors, is
not considered in the model. The reason is shown by
the first assumption, which considers a building
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section as a single air-conditioned space kept at an
equivalent “‘average” inside temperature, representing
the weighted average of the various internal zones.

The third quantity of Q; is the undesirable heat
gain or loss due to infiltration or exfiltration Q,
which is caused by the repetitive opening and closing
of doors and windows, buoyancy losses, and air
leakages through various cracks as a result of differ-
ences in the pressure between the inside and the
outside environments. With only sensible heat calcula-
tions made, the energy sum is written as:

0, =0,+0,10,+0, +0; o)
0,=0,+0, @
0,=0,+0,+0, 3)

The latent heat gain to or loss from a space is mainly
due to three components: (a) humidity differences
associated with moving infiltrated or exfiltrated air,
(b) water vapor from the occupants due to their rate
of metabolism, and (c) steam generated by internal
sources such as food, coffee machines, etc.

In general, the latent heat portion of the total heat
to a space is very small although it could be significant
in certain building types. The assumption of eliminat-
ing the latent heat from direct calculations is made to
simplify the analysis but will be incorporated later as
the methodology is developed. A detailed itemization
of the heat quantities that appear in Eq. (3) is given
next.

The heat given off by the building occupants 0,
depends mainly on the number of occupants and the
type of occupant activity. The average sensible heat
generated per person s, ranges from 60 W/person
(about 205 Btu/hr person) to 150 W/person (about
510 Btu/hr person). Hence,

Qp = spN

where V is the number of people in the building. For
comfortable human spacing, the population density
D, (=N/A) is usually designed within certain limits.
Therefore, per unit floor area A4, the sensible heat gain
from people is written as:

"o
QP SPDP

4)

O

®)

(9) For

For the lighting equipment, electrical energy is con-
verted first into both radiation and convection parts
in different proportions depending on the type of
light bulb used. The radiation energy part is then
converted by multiple reflections and absorptions
with the building walls, materials and furnishings, to
both convection and conduction parts at a later time.,
The result of this transient heat transfer is only a
reduction of the peak lighting load as “seen” by the
air-conditioning system, Note that the illumination
part, which is later converted to convection, is still
affecting the air-conditioning load even after the
lighting equipment is turned off. The heat transfer to
the air could be assumed in quasi-steady state if a long
period (preferably not less than 24 hours) is consid-
ered. In the present model, it is assumed for simplic-
ity, that the heat generated from both incandescent
and fluorescent lighting fixtures (, is instantaneous
and averaged over a given day.

g, = £

where E, is the electrical wattage of all types of light
bulbs in the interior air-conditioned space. In practice,
illumination engineers use energy intensity limits )
typically between 10-60 W/m?2 (1-6 W/ft2). There-
fore, per unit floor area 4, the intensity of lighting
heat gain @ is:

0/ = E| 6))

The heat gain to the space, as sketched in Fig. 1, from
the interior electronic and electrical appliances which
have no motor drives (such as computers, TV sets,
electric irons, radios, etc,) also is assumed to be
instantaneously convected to the air stream. Accord-
ing to the equipment wattage value E,, the heat gain
to the space Q,, due to electrical and electronic
equipment excluding equipment motor drives, is
expressed as

or per unit floor area,
[/ "
Q, = E, (6)

internal electromechanical appliances and
machines with motor drives, various configurations
arise where both the motor and the driven machine
are located either in the same space or one is inside
and the other is outside the space. If E,, is the input
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(10)

wattage of the motor that drives the machine, then
the heat generated inside the space Q,, is expressed
by any one of the following equations:

Qm =Em

if motor and driven machine are both inside the space,
or

if motor is outside the space and the driven machine is
inside, or

=(l-n,)E,

if motor is in the space and the driven machine is
outside, where 7, is the average motor efficiency. In
general, the above relationships between Q,, and E,,
can be written as

where A, is a fraction ranging from (1 - 7,,) to 1
according to the physical location of motor-driven
appliances. With common motor efficiencies ranging
from 60% for small-size motors to 90% for large-size
motors, the fraction A, will range from 0.1 to 1. In
addition, if the power density of the electromechan-
ical equipment £,, is specified by the designer, then
per unit floor area, the heat rate ¢, is written as

0, =\, B, ™

The solar portion of the transient heat transmission to
a building Q, is independent of the outside air
temperature variations. It depends on fenestration
surface area, orientation, optical transmissivity, emis-
sivity and absorptivity properties; absorptivity and
emissivity of exterior opaque walls; and wall orienta-
tion and surface area. Under the cyclic variation of
ambient air and sky temperatures, a building would
have a net heat transmission @, out or into its
conditioned space according to whether the average
daily inside temperature is kept higher than or Jower
than the average daily outside air temperature, respec-
tively. During a particular day, the calculations of the
hourly heat transmission require the solution of a
complex transient heat transfer problem involving the
building interior thermal mass. The quasi-steady-state
approximation, given by Appendix A, on a daily basis,

is still, however, a common practice in air-
conditioning calculations. The net daily solar heat
gain Q, is treated as a combined building-site charac-
teristic parameter while the net daily ambient heat
transmission @, is in linear proportionality to the
difference between daily average inside and outside
temperatures. This building approximation has been
used also in several solar collector studies (Ref.7)
which produced good results, since by analogy, a
building can be treated as a low-efficiency solar
collector. The daily ambient heat transmission Q_ is
written as:

Q, = UA(T, - T)

where U is a building characteristic parameter repre-
senting the equivalent coefficient of heat transmis-
sion, lost or gained from the building envelope and is
given as an area-weighted average of all the individual
exterior walls, roof, glazing and floor surface areas 4;.
By using Eq. (A-9) in Appendix A,

U=) AUl4 (8)
7

Accordingly, per unit gross floor area, the ambient
heat gain to space Q) is written in the form

= UT,-T) 9)

On the other hand, the solar heat transmission part Q,
is written using Eqs. (A-10) and (A-13) in Appendix A
as the summation over all the building envelope areas

A,
i

where

U Y
_Z_Z a]}/@
i 0.] fopaque

exrerior
walls

* (TIAJ /)glazing

(10)

where R” is the daily solar intensity for the building
envelope representing the area-weighted average of
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(12)

net solar heat gain to space due to both absorption by
opaque walls and direct transmission by glazing, @,
is the outside heat transfer coefficient as obtained
from Eq. (A-4) in Appendix A, and R} is the average
daily solar radiancy falling on an area 4; at a given
orientation. Per unit gross floor area, the solar heat
portion Q) is written as:

0 = R" (11)
The heat gain to a space due to the undesirable
infiltration or exfiltration Q, is determined following
the air change method assuming that infiltrated air
replaces the air in the space volume by several times
each hour, Thus

Q, =vQn (T,-T)

where n,, is the number of infiltration air changes per
hour, £ is the volume of the building space, and y isa
conversion factor representing the air specific heat
times the air density product. For air, +y is calculated
at normal temperature and pressure (NTP), [15°C
(59°F) temperature and 101 KPa (29.92 in. Hg)
pressure] as 0.342 Wh/m3°C. For a unit gross floor
area, the heat gain by infiltration Q is written as

Q. =y (T,-T) (12)
where A is the average height of the building macro-
zone. The value of n,, usually ranges from 0.5 hr~! in
residential to 3 hr™! in most industrial buildings.
Weather stripping is one measure in reducing the
effect of infiltration losses.

Ventilation air is allowed in all building designs for
hygienic purposes as well as for dust, moisture and
odor removal. The amount of ventilation air can be
computed by any one®f the following four methods:
(a) a number of air changes per hour n,, (b) a specific
volume rate supplied per occupant, (c)an air rate
required per unit floor area of space or (d) a percent-
age ¢ of the total circulated air flow to the space.
These four computational methods are alternates, and
only one method should be selected as appropriate.
Because the introduction of outdoor air is an energy-
consuming and an expensive process in either winter
or summer seasons, the amount of such air should
always be kept at a minimum unless 1t is otherwise
specified by health standards. By arbitrarily selecting
the first computational method using the number of
air changes per hour, n , the amount of heat gain

(13)

associated with the ventilation air, is calculated

analogous to Eq. (12) for the infiltration flow. Hence,
no_ .

Q) = vhn, (T, - T,) (13)

where the temperatures of both return and exhaust air

streams in Fig. 1 are taken the same as the average

inside space temperature T, for a given day. Typical
values of n, for instance range from 1-12 in office
buildings, 4-20 in restaurants, and 1-5 in apartments.

A simple heat rate balance of the selected control
volume in Fig. 1 on a given day and per unit floor
area, gives

g/ +0y = Q-0 (14)

or by using Eqgs. (1), (2), (3),
Qg +ON+(Q,+ 2, + Q) = 2.~ 0,

where (0, is the cooling load of the air handler cooling
coils (energy extracted from the control volume) and
Q}, is the heating load of the air handler heating coils
(energy added to the control volume). Note that
simultaneous heating and cooling energies could be
expended in a given period, such as the case in some
multizone air handling units as described in Appen-
dix B. In the summer season where T, > T;, the sum
(Q; + Q) is always positive and it becomes most
economical if the proper selection of the cooling
setpoint is made to set 0}, to zero. On the other hand,
during the winter season where T; > T, , the sum (Q; +
Q,) could be, from Eq. (14), a negative, a zero or a
positive quantity depending on whether the combined
internal heat generation and the solar gain (Q; + Q) is
less than, equal to, or greater than the combined
transmission, infiltration, and ventilation losses ~(Q:l' +
Q. + Q), respectively. The sum (0 + Q,) is treated
from Egs. (4), (5), (6), (7), and (10) as a positive
parameter, independent of the ambient air tempera-
ture fluctuations while the sum (Q, + Q) + Q)
depends on the average temperature difference (T, -
T,) using Eqgs. (9), (12), and (13). Therefore, for most
economical space conditioning in the heating season,
it is essential to minimize or equate to zero the
cooling energy expenditure Q. This could be
achieved by properly selecting the heating coil set-
point. Note that the relative magnitudes of QZ and 0,
are obtained only by detailed examination of the
temperature controls of each air handler as described
in Appendix B. In general, for a unit gross floor area,
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the gross sensible heat gain (Q] +Q;) from Eq. (14) is
written using Egs. (4), (5), (6), (7), (9), (11), (12),
and (13) as

" noo_ il 173 t n "
0, +Q, = (spr+1:, +Ee+>\mEm +Qf+R )

# (U, +n)I(T,-T)  (19)

A plot of the relationship between the net sum (Q;"+
Q") and the temperature difference (7; - T,) from
Eq. (15) gives, as sketched in Fig. 2, a straight line
relationship in the form

Q/+Q, =A-B(T,-T,)
where the intercept A is given as

A=sD, +E +E,+\ E + Q]'; +R" (16a)

The parameter A is always a positive quantity
which represents the gross heat gain to the building
space in the absence of any temperature difference
between the inside and outside ambient temperatures.
The building parameter A represents only the summa-
tion of heat gain due to people, lighting equipment,
electronic equipment, electrical-powered machines,
fuel-fired appliances and the direct solar heat gain
through glazing areas and the indirect solar heat
absorption by exterior walls. The slope B of the
straight line relation in Fig. 2 is obtained also from
Eq.(15) as

B =U+yh(n,+n) (16b)

The parameter B represents the overall heat trans-
fer coefficient due to thermal and fluid convection,
conduction, and radiation between the building inte-
rior and exterior environments. The larger the slope B
the more losses to the ambient the building will have
for a given temperature difference (7; - T,). A
comparison of Eq. (16) and the known Hottel,
Whillier and Bliss straight line performance equation
for solar collectors (Ref. 7) indicates the resemblance
in thermal behavior between solar collectors and
buildings. By analogy, any building will act basically
like an air solar collector but has two additional
features: (a) internal heat generation rate, obtained
from Eq. (16a) to equal (4~ R"), to augment the
absorbed solar heat portion R", and (b) heat losses due
to air leakages, whether controlled or uncontrolled, to
or from the ambient air due to infiltration and

ventilation. This heat loss is represented by vh(n, +
n,) in addition to the transmission part U.

The temperature difference at which the sum (Q; +
Q,) changes its sign from positive (cooling mode) to
negative (heating mode) is denoted by the character-
istic building temperature difference AT*. This is.
obtained from Eq. (15) by equating (Q; + Q;) to
Zero.

For a fixed interior temperature T}, the tempera-
ture T% represents the characteristic outside air
temperature below which heating the building is
required and above which cooling is required. Note
that Tj is always less than or equal to T} since

_ _A4
T.-TF= AT* =5 (172)

Accordingly, in terms of T, the net heat (or loss)
from the control volume is written as

Q;+Q, =B(T,-TH (17b)

Another interpretation of AT* can be made for a
given outside air temperature T, , where the character-
istic interior temperature T¥ is defined as the “equi-
librium” temperature at which the building should be,
to result in zero heat gain or loss to the ambient. Note
that T} is always larger than or equal to T, since

T+ -T = AT* = (17¢)

e

Accordingly, in terms of T, the net heat gain (or
loss) from the control VBlume is written as:

Q) +Q! = B(T#-T) (17d)

Differentiation between heating and cooling modes
or the winter and summer seasons is, therefore, a
necessary step once the temperature T (or T) is
determined. The first two modes represent the times
when the outside air temperature T, differs from T%.
If T, > T% cooling will be the major mode of
operation, and if T,, < T} heating will be the major
mode of operation instead. Since the summer and
winter seasons are taken in this model as the only two
representative seasons of the year, the seasons could
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(15)

be distinguished by whether the daily average temper-
ature T, differs from an arbitrary selected tempera-
ture.! When T#% differs from T, several possibilities
can be shown in Fig. 3. In the winter season, both
heating or cooling modes can exist, depending on the
size of internal heat gain compared to the ambient
transmission losses. The situation in summer is the
same but with a minor difference. Summer days [with
average outside temperature T, > 18.33°C (65°F)]
will require cooling if 7,, > T3, which is the most
common mode of operation. Less frequently is the
heating mode in summer which could occur during
mild summer days when T, is higher than 65°F if the
temperature T (which always has to be less than the
inside temperature 7)) falls above 7,,. In summary, a
check of the relative magnitudes of T}, T} should be
made in order to determine the major mode of HVAC
equipment operation.

The design of the air circulation rate throughout the
building is commonly made based on peak heat gain
or peak heat loss as determined by Qi,m ax 9% @i min
during extreme hours. Two-speed fans are sometimes
installed to discharge one air rate in summer and
another rate, usually lower, in winter. Per unit gross
floor area A, the air circulation rate V" has been
found (Ref.2) to depend on the building function
and normally lies within the range: 10-60 m3/(m?hr)

[0.5-3 ft3/(ft? min)].

To check on the design value of ¥, the following
summer and winter flow rates ¥ and V7, should be
compared:

0L < @+ 2D, = W T,), 0,
G = Q[+ 0, = T~ Ty, O
(18)

where T, is the cooling setpoint [which varies from
10°C (50°F) to 15.6°C (60°F)] and T,, is the
heating setpoint [which varies from 21.1°C (’)70°F) to
32.2°C (90°F)]. If only a single air flow rate is used
throughout the year, the larger V" value from Eq.
(18) is selected subject to meeting the other ventila-
tion requirements.

The heating, ventilation and air-conditioning equip-
ment is assumed in the model to operate during the

(16)

year continuously, regardless of the transient behavior
of internal load sources. In practice, the HVAC
equipment controls will be intermittent in operation
with some cycling on and off, depending on the
internal loads and the desired inside temperature.
Several energy conservation measures call for shutting
down HVAC equipment during some predetermined
periods such as on weekends, holidays, or during any
other periods when the building is unoccupied. These
measures claim to reduce the energy consumption and
allow the inside space temperature to drift either
higher or lower than what is normally set at. This
latter temperature drift is not undesirable since the
building is unoccupied. However, depending on the
magnitude of the heat capacity (or thermal mass) of
the building walls, furniture, equipment, etc., and
depending on the shutdown duration period, these
energy measures may or may not be very effective.
The reason is due to the additional energy expendi-
ture either in heating or in cooling needed to bring the
building space back to its desired inside temperature
after a given shutdown period. This additional energy
consumption may or may not offset the energy
savings incurred. However, one needs to distinguish
between the difference of turning off an air handler
during unoccupied periods as mentioned above, and
the installation of timers, for instance, to lighting
equipment or to any other non-HVAC related equip-
ment for the purpose of energy conservation. The first
affects the building energy content while the second is

.considered part of the internal load fluctuations or

transient behavior. Alternating cloudy and sunny days
are analogous to the second type of controls by timers
which are already accounted for in the model as a
reduced daily value of the parameter 4 in Eq. (16).

Since the hourly fluctuations of internal loads will
be damped and averaged out if longer periods are
studied, the building model assumes the quasi-steady-
state case if a minimum of 24-hour modeling period is
selected. The fluctuations that could take place due to
the building thermal mass are minimized. The model
also excludes measures of shutting down HVAC
equipment and assumes their operation at all times is
uninterrupted. Hence, the heating or cooling loading
Q,, or Q. will represent the equivalent quasi-steady-
state loading for the day, month, or season under
study.

Regarding the cooling equipment, the type of input
energy used could be either in electrical form (e.g.,
mechanical-driven vapor compression refrigerators) or

thermal (e.g., absorption refrigerators driven by fossil
fuel combustion, waste heat, solar energy, etc.).

1Heating degree days and cooling degree days are based in most
weather bureaus on 18.33°C (65°F) reference temperature.
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Similarly, the heating equipment could be either

elactric-resistance heaters

VAVULL AV A USIS LR LIVY  1aVGva s

Tantvrieall
cieciricany powered (e.g.,

and heat pumps) or thermally powered (e.g., fuel fired
heaters or solar heaters, etc.). To simplify the energy
accounting, the building space under consideration is
assumed to be powered by only two types of
energy — electrical and thermal. If more than one
fossil fuel is employed in fuel-fired equipment, or if
different nonfuel sources of heat are consumed a
unified thermal conversion should be used to unify all
thermal energies or fuel rates into one appropriate
thermal unit (e.g., kWh(t), therm, Btu, joule). One
electrical meter connected to the building would
indicate the energy sum of: (a) lighting equipment F,,
(b) internal electronic and electrical equipment which
have no motor drives, E,, (c) mechanical equipment
with motor drives E,,, (d) cooling equipment £, if
electrically driven, (e) heating equipment E,,, if elec-
trically driven, and (f) all electrically powered acces-
sories. The latter accessories are excluded from all
internal heat gain calculations although some may
have a minor effect. Accessories are divided in the
analysis into two groups only as follows:

(a) Accessories that are related to space air condition-
ing and air circulation such as supply fans, return
fans, exhaust fans, boiler circulating pumps,
chilled water circulating pumps, condenser fans,
cooling tower fans, etc. These accessories consume

energy E,,,, proportional to the load of their

mother air-handling equipment. The air tempera-
ture rise in supply and return fans is assumed

negligible with respect to the internal load Q.

However, the fans’ power is still computed as part

of the accessories and it is not neglected.

(b) Accessories that are unrelated to HVAC equip-
ment. These are likely to be physically located
outside the building control volume, such as the
external lights, water pumps for pools, etc. This
type of accessory consumes electrical energy

E,,, in direct relation only to the building’s

a
external activity.

Accordingly, the total electrical meter reading E
can be written as the sum:

k= El+Ee+Em +Er:-'-Eh-I-Eaxl +Eax2

(19)

A similar discussion of a single electrical meter could
be made for a single “thermal” meter connected to
the building. The thermal meter indicates the sum of

)

(18)

all thermal energies consumed in (a) internal fuel-fired
appliances G, (b) cooling equipment G,, if heat
driven, (¢) heatmg equipment Q,,, if heat drlven and
(d) all heat-powered accessories G,.. The thermal
accessories are commonly unrelated to HVAC equip-
ment and located outside the building conditioned
space such as external heating equipment in swimming
pools or in domestic hot water boilers. For the above

thermal meter, the total reading G will be

G =G +G,+G, +G,, (20)

Note that G, and G,, are the thermal energies
supplied to dewces inside the conditioned space and
to space-external accessories, respectively, taking into
account their conversion efficiency.

To accommodate the simultaneous existence of both
types of electrical and thermal-driven coolers or
heaters, the fraction of load which is satisfied by each
energy type needs to be defined. If 8 is the fraction of
load that is provided by electricity powered devices,
then after accounting for the component conversion
efficiencies, the cooling equipment consumption will
be

EC = BCQC/nec
= (1-8)Q,/n,

1)

and for the heating equipment, the consumption will
be

E, = 8,0,/n,,

(22)

Gh - (1 - Bh) Qh/"?fh

where 7., Ny, are the coefficients of performance of
electrical-powered and heat-powered coolers, respec-
tively, and n,,, Ny, are the efficiencies of electrical-
and heat-powered heaters, respectively.

Once the cooling load Q, and heating load @, are
computed, as in Appendix B, subject to the con-
straints of the temperature-control mechanism of air
handlers, Egs. (19) and (20) are used to give the total
electrical and thermal meter readings F and G for the
period under investigation.

The energy utilization index is a common measure for
rating buildings which have the same functional
utilization. The index divides the total energy con-
sumption for the season by the gross floor area of the




building. Since there are two types of energy pro-
vided, two energy indices are possible — one for
electrical and the other for thermal. A modified
representation of the annual energy consumption is to
convert the electrical index to an equivalent thermal
index by taking into consideration the conversion
efficiency at the electrical power plant 0, , and add it
to the thermal index. Hence, in equivalent thermal
units, the energy utilization index representing the
energy consumption per unit floor area is written as:

I=G" +E"/’ﬂpp (23)

(19) The operating costs of energy are computed in the
analysis based on a simple uniform tariff throughout
the year, independent of demand charges, power
factors or other seasonal charges. This uniform rate
structure could be obtained by dividing the annual
cost of energy by the annual energy consumption. If
C, and C; are the costs of unit electrical and fuel
energies, respectively, then the total energy cost per
unit floor area C” is written as:

C" = CE"+CG" (24)

The above 19 points constitute the assumptions and
idealizations needed for the sensitivity analysis to be devel-
oped for any 24-hour period in any season. On a yeatly basis,
the annual energy index I,,, which is the sum of summer and
winter -effects, is computed taking into consideration an
average of 730 hours per month as

I, = 7300MJ +M,I,) (25)

where /, and I, are the summer and winter season utilization
indices, obtained from Eq. (23). For most buildings, the
annual energy index [, ranges from 126 kWh/m?yr (about
40,000 Btu/(ft2yr)) to 1260 kWh/m?2yr (400,000 Btu/(ft2yr))
depending on the building usage, size, internal loads, etc.

Before a general expression for modeling air handling
equipment could be made, an investigation of various tempera-
ture controls was carried out (Appendix B). Different
air-handler designs affect to a great extent the determination
of the equipment heating and cooling loads. Q, and Q,
respectively. A simplified approach to this equipment Joading
is needed to enable the engineers to make a reasonable
assessment of energy conservation measures without being lost
in the specific design details.

lll. Air Handler Model

Four different types of air handlers are briefly described in
Appendix B, to demonstrate their differences in responding to
heating and cooling needs. The variation of the quantities Q_
and Q, takes place -according to the type of temperature

" control, coil setpoints and air flow rate. For a sensitivity

analysis to be complete, the specific features of the building
air handler(s) dealing with the major loads have to be given.
The analysis, in turn, will be narrowly directed toward a
specific configuration rather than the general case originally
intended. A generalized but simple air handler model is,
therefore, sought for the present sensitivity study. While the
selected methodology is still applicable to any specific air
handler configuration, minor alterations may be necessary. In
the simplified air handler configuration, the sum (Q] + Q}) is
always positive in the cooling mode where only cooling energy
is assumed expended upon the proper adjustment of cooling

set points. Hence,
0, =0 }
"o _ " "
Q - Qi + Qv

4

(26)

Similarly, in the heating mode, the net sum (Q; + Q}) is always
negative where only heating energy is assumed consumed,

Q=0
05 - Q;'+Q::}

Combining Egs. (26) and (27) with Egs. (19), (20), and (23),
we can write the energy utilization index for cooling and
heating modes as

(27

— " " " 1 1" " ]
Icm B (Gf * Gc * Gax)cm +E (El +Ee +Em

+Ec +Eax1 +Eax2)cm (28)

_ " " " 1 " I "

Ihm - (Gf +Gh +Gax)hm +1—7; (El +Ee +Em
+Eh +Eax1 +Eax2)hm (29)
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Furthermore, by using Egs. (21) and (22) and regrouping of
terms, the indices /,,,,, and 7, give the following

At T > T: (cooling mode)

— n ” __l_ " " 1t " "
Icm - (Gf * Gax)cm + npp (EI + Ee + Em + Eaxl * Eax2)

- f(1-8 B8
+ ( AL (30a)

@ +9on,,
nfc nec npp) ' e

AtT < T: (heating mode)

— n " 1 " " q !t "
Ihm - (Gf + Gax)hm + n_pp (El +Ee t Em +Eaxl +Eax2)

(30b)

1-8 g8
- ( =t : )(Q;'I +Q'l:)hm

My Nen Mpp

where the sum (Q;’ + @7) at any particular mode is obtained
from Eq. (15) as

O+ Q) = (@) +E{ +EL 40, B + G+ K
+[U+yh(n, +n)] (T, - T) (31)

Equations (24), (25), (30), and (31) constitute the basic
equations of the simplified model needed to obtain the
sensitivity relations.

IV. Building Parameters

It is beneficial to the building designer, or owner, to
observe, both in magnitude and direction, the effects of small
or large changes imposed on the variables and parameters
affecting the building energy consumption and operation
costs. The sensitivity S, which is the measure of the depend-
ency of a system output Y on variations of a particular input
element or parameter X, keeping all other input parameters
unchanged, is expressed analytically as:
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S___AY{Y A
AX/X
4y X
or S—d %z (32)
_dlnY
or S-—dlnX )

where A represents a differential change in either X or Y, as
sketched in Fig. 4. Equation (32) is computed at a reference
operating condition of the entire system. A system operating
at an optimum value of one of its elements should have zero
sensitivity with respect to this element. The concept of
sensitivity has been widely used in studying many physical
systems, and its present application to energy consumption in
buildings is a useful tool in identifying key parameters for
optimum energy utilization. The input element, or parameter
X, could be any one of the following 30 elements.

Weather parameters

Outside air temperature T
Outside air pressure p
Local solar radiation R"

Wind velocity v,

Building architecture

Average height of conditioned space i
Equivalent heat transmission coefficient U
Exterior wall absorptivity «

Glazing transmissivity 7

Glazing area/floor area ratio

Opaque wall surface area/ffloor area ratio

Occupants
Population density D "

Activity or sensible heat generated per person Sy

Internal equipment

Lighting power density-E,

Power density of electronics and electrical equipment
without motor drives £,

Power density of electromechanical equipment with
motor drives £,




Heat rate of fuel-fired equipment Q;

Hours of operation of each piece of equipment A

Environment control

Inside space temperature T,
Total air circulation rate V"
Infiltration air change rate n_,
Ventilation air change rate n,

Type of air-handler temperature control

Accessories
Power density of electrical accessories E:x

Heat rate of heat-powered accessories G

Equipment performance

Coefficient of performance of coolers n eer Mre

Efficiency of heaters n,, , 1,

Fraction of electrically powered coolers or heaters ﬁc, Bh

Electrical power plant efficiency Mo

Costs

Cost of a thermal energy unit C,

Cost of an electrical energy unit C,

The building output Y could be any one of the following:
(1) the energy utilization index I, (2) the total energy cost C,
or (3) any suitable output from the above analysis. Denoting
the energy index sensitivity to an input parameter X by S and
the total cost sensitivity by S, the analysis is carried out for
the above input parameters using the equations described in
Sections II and III. Accordingly, the sensitivity expressions for
S and S using Eqs. (23), (24), and (32) will be written as:

_x oG | ¥E'Im,,)
S = T [ﬁ + —aX (33)
ACE)  ACG")
X e !
G [ ox X ] (34

Furthermore, if the unit electrical energy cost C, is directly
related to the unit thermal energy cost Cf, through the power
efficiency n,, 28

c
C

e

(35)

= _f
Mpp

then, the sensitivity expressions S and S become identical, and
in this case, Egs. (23) and (24) are reduced to

c" =l (36)

Since Eq. (35) is considered in practice a good approximation
to the unit energy costs, it results that only the sensitivity S
needs to be determined for all parameters involved.

The sensitivity expressions are also beneficial in determin-
ing the total system variation when more than one input
parameter are simultaneously changing. Since the building
output Y is a function of all input independent variables, X,
Xy (e, Y(X, X o .) it can be proved that

AX AX
A—Y = Sl<~X—1) + S2<7(2—2) + o €0

1

l~<

where S, S,,. .. are sensitivities of the output ¥ to each of
the parameters X, X, . . ., respectively.

When computing the changes in the annual energy index Iy
with respect to an input parameter X due to changes in the
summer only, in the winter only, or in both seasons, Eq. (25)
gives

AL, = 730 [MS (%)s AX +M, (%) W]AXW
(38

where I, I are the energy utilization indices obtained from
Eqgs. (30) and (31) for the cooling and heating modes of each
season, and AX_,AX  are the expected summer and winter
changes in the input parameter X, respectively.

V. Data of a Hypothetical Office Building

The weather, architectural, internal and external loads data
and operating conditions of a hypothetical office building are
grouped to form a baseline configuration for the study.
Typical office building data and design values are utilized to
the maximum extent to represent closely actual conditions
except for the artificial inclusion of some energy-consuming
equipment that is not necessarily available in all office-type
buildings. Hence, the chosen example building represents
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neither an existing office building nor an ““ideal” configuration
from energy conservation viewpoint. The building data are
hypothetically constructed this way to illustrate the wide
spectrum of energy modification measures and to assist in the
numerical evaluation of the sensitivity expressions. The
methodology that is followed in analyzing this building,
however, could be applied to any other type of office or
non-office building. The building site is arbitrarily selected to
be at the Deep Space Network Communication Complex,
Goldstone, California. Other data are categorized as follows:

Site
Location Goldstone, California, USA
Latitude 35° north
Elevation About 610 m (2000 ft)

Barometric pressure p 93.91 kPa (27.82 in. Hg)

Weather
Heating degree days, HDD?  1549.4°C (2789°F) day
Heating days dw2 212
Heating months sz 7 (Oct — Apr)

Average outside air tem-
perature during the winter>

season T 51.84°F (11°C)
Sensible-cooling degree

days, SCDD* 1143.9°C (2059°F) day
Cooling days* dg 153

Cooling months? M, 5 (May — Sept)

2The site heating degree days per day is the difference between
18.33°C (65°F) and the daily mean temperature when the latter is less
than 65°F. Data are taken from average weather statistics over a
10-year period for the Goldstone Space Communication Complex at
Goldstone, California. For major cities or locations, HDD values
appear in Ref. 2 or from weather bureaus.

30btained from the formula

Tow = (65—@ , °F
dy

4The site cooling degree day is defined in Ref.2 by a complex
expression compared to the heating degree day, since the energy
consumption for a cooling process is affected not only by the dry bulb
temperature, but also by the air relative humidity. Since latent heat
calculations are assumed negligible in the present simplified model, an
analogous definition to the heating degree day is adopted. The number
of sensible cooling degree days per day is the difference between
18.33°C (65°F) and the daily mean temperature when the latter is
higher than 65°F. Data are obtained from weather records of the site
under investigation.
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Average outside air tem-
perature during the sum-

mer season® T _ 78.46°F (25.81°C)

Wind velocity v, 16 km/hr (10 mph)

Building envelope

Gross floor dimensions® 305X 305m

(100 X 100 ft)
Space height 3.1 m (10 ft)
Orientation Sides are facing compass,

E, W, N, and S directions

Occupants

Gross floor area” allocated/  10.3 m?/person (111 ft2/

person 1/Dp person)
Sensible heat dissipation 117 W/person (400 Btu/
rate® 5 (hr person))
Occupancy duration’ H 2260 hr/yr

Internal lighting
Design intensity D, 32.3 W/m? (3.0 W/ft?)
Lighting hours'® H, 2760 hr/yr

Internal electrical equipment

Installed power density
1 16.1 W/m? (1.5 W/ft?)

1000 hr/yr

e

Operating hours'? H

5Obtained froxﬁ the formula

T, = (65 +-—S‘SIDD) , °F

§

6Building dimensions do not enter into the calculations since all the
expressions are evaulated per unit floor area.

7Assuming 90 occupants in the building. The occupation density is
selected to fit closely densities in office-type buildings.

8 Assumed the same in both summer and winter seasons

9Assuming 9 hr/day (from 8 a.m. to 4 p.m.) for 251 working days per
year. This excludes weekends and 10 holidays/year.
10835ed on 11 hr/day (7 a.m. to 5 p.m.) for 251 working days/year.
Evenly distributed over each season.
11An assumed figure which is obtained by summing the power of
copying machines, TV sets, typewriters, CRT displays, vending
machines, water fountains, and other appliances.

12Ba5ed on an average of 4 hr/day for 250 work days/yr.




Internal fuel-fired equipment

Number of air changes per
hour n 17 1.35

Installed capacity*® D ; 15 W/m?
Operating hours Hf 1000 hr/yr
Internal thermal load Q7 1.71 W/m?

Infiltration air

Number of air changes per
hour n, 1.2

Inside temperatures

Primary equipment

Summer'® 7, 23.89°C (75°F)
Winter'* T, 23.89°C (75°F)
Architecture

U factors!®

Single glass pane 1.13 Btu/(hr ft2°F) or

6.42 W/m2°C
Walls 0.3 Btu/(hr ft°F) or
1.70 W/m?°C
Roof 0.18 Btu/(hr ft°F) or
1.02 W/m?°C
Floor Insulated
Area ratios
Roof/floor 1.0
Gross wall/floor 0.1 for each orientation
Glazing/wall 0.30 for each orientation
Glazing/floor 0.03 for each orientation
Opaque wall/floor 0.07 for each orientation
Optical properties
Glazing transmissivity, 7  0.80 (all glazing)
Exterior wall
absorptivity, « 0.60 (all walls)

Power plant thermal
efficiency Mop 0.33

Coefficient of perfor-
mance!® of electrical-
driven chillers n,, 2.8

Coefficient of perfor-

mance*® of thermal-

driven chillers # e (absorp-

tion refrigeration) 0.65

Efficiency of electrical'®
resistance heaters/boilers

Ventilation air

Ventilation air!® 25 £t /(person min)
or 0.71 m3/(person min)

13A mini cafeteria is assumed located in the building providing some
snacks for 90 persons. Cooking appliances using natural gas are
assumed.

14Before the present mandatory energy conservation measures.

15 Assumed the same in summer and winter seasons.

16This will amount to 2250 ft3/min (63.71 m3/min) for the building
with 90 occupants. The ventilation rate is also equivalent to 0.225
£t3/(ft2 min) of gross floor area.

n,, 09

Efficiency of fuel-fired18

boilers n oh 0.6

Fraction of building cool-

ing load*? that is provided

by electrical powered

chillers 6c 1.0

Fraction of building heat-

ing load?® that is provided

by electrical resistance

heaters B, 0.0

Accessories

Supply fan
Air rate 1 ft3/(ft? min) floor area
Operating hours Hfan 8760 hr/yr
Static pressure Apfan 3in, water
Electric power per gross  5.75 W/m?
floor area®! Bl (0.53 W/ft?)

17Calculated by dividing 2250 £t3/min (63.71 m3/min) of ventilation
air rate by the volume of space.

18y5cludes the accessories load such as condenser fans, cooling pumps,
boiler pumps, etc.

1910 this example building, all chillers are assumed -electrically
powered.

201y this example building, all heaters are assumed fuel-fired.

21Using the formula: Fan power = Vofm X AP in, water/nfan X 8.507,
watts, and assuming a 66% fan efficiency.
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Domestic hot water heater
250 days/yr
40.56°C (105°F)

Operating period

Operating temperature??

Type of heater Fuel-fired (natural gas)
Energy consumption?3 0.53 W/m?
G (1473 Btu/yr ft?)

External lighting

Design intensity D, 5.4 W/m? (0.5 W/ft?)

2

Lighting hours®* H, . 4015 hrjyr
Average external lighting
power £, 2.48 W/m?
Energy cost
Yearly average cost of an
electrical unit C, 0.06 $/kWh(e)
Yearly average cost of a
thermal unit Cf 0.02 $/kWh(t)

To manipulate Eq. (15), additional information represent-
ing the hypothetical office building at the configuration given
is calculated, per unit gross floor area as follows:

People internal load 9”25 2.92 W/m?

D

Internal lights Q; = E} 10.18 W/m?
Internal electrical and
mechanical applicances
load®® Qr=E" 1.84 W/m?
Daily average solar
intensity26 R"

For the summer season 20.38 W/m?

For the winter season 15.05 W/m?
Specific heat + density
product®’ 0.318 Wh/m3°C

22Fo]lowing present energy conservation measures.

23pomestic water is assumed heated from 50 to 105°F. The energy
consumed in Btu/yr ft2 is obtained from:
b operating days

I
X AT° F X 8.33 X
gallon yr

Dp
Npoiler

gallon
day person

X

taking 1/Dp as 111 £t2/person, Npaiter 3 70%, and 1 gallon/day per
person. i

24Based on 11 hr/day (7 to 5 pm) for full year.
25UJsing Eqs. (4), (5), and (6).
26Using Eq. (10) and Table 1.

270btained from the relation v = v* (P/P*), where P* is the standard
atmospheric pressure (29.92 in. Hg or 101 KPa), v* is calculated at
NTP as 0.342 Wh/m3°C. See Ref. 4 for the variation of P* with site
elevation.
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Overall heat transfer 2.269 W/m2°C

coefficient?® U (0.4 Btu/hr ft?°F)
Building intercept parameter?® 4

In summer 37.03 W/m?

In winter 31.70 W/m?
Building slope parameter B 4.783 W/m2°C

Characteristic temperature T*
In summer
In winter

16.15°C (61.07°F)
17.26°C (63.07°F)

Modes of operation during each season
Since in summer

To‘s > To"t s All cooling
- Since in winter
To, w < T;’j w All heating
Seasonal energy utilization index
Summer I, 113.614 W/m?
Winter I 113.337 W/m?
Annual BULZ, 993.8 kWh/m?

(315,100 Btu/ft? yr)

VI. Sensitivity Results

In the previous building example, deliberate inclusion of
some energy-consuming equipment was made to show later on
the impact of future energy conservation measures, Most
parameters used in the sensitivity analysis are expressed in
both the metric units (SI) and the common English units. Each
parameter is analyzed, for convenience, separately to assess its
individual weight on the energy utilization index. This first
part of the study is directed toward the understanding of the
exterior environment parameters. The rest of the building
parameters are examined later in part 2 of this article.
Sensitivity derivations are generally avoided for they are
self-explanatory from Sections IIT and IV,

A. Outside Air Temperature

By neglecting the effect of outside air temperature varia-
tions on the efficiency of air-conditioning equipment and their
associated accessories, the rate of change of I with respect to
the average outside temperature T, is found from:

2{"Using Eq. (8) and Appendix A where

6, = (1+ %i) Btu/hr ft 2 °F

where v is the wind velocity in mile/hr. For 10 mph, 8, is about
4.33 Btu/hr £t% °F (24.59 W/m2 °C).

290sing Eq. (16).



A, =%, BAT,

cm §

(39)
AL, = §B AT, ,

where B is the building characteristic thermal loss rate given by
Eq. (16b) and ¢, §, are the cooling and heating coupling
coefficients, respectively, given by

_ -8 B
Cc ) e ec Mpp
(40)
(- 1-6, . 8,

nfh Men npp

Any change in the outside air temperature could take place
because of possible yearly variations, due to a different
location for the example building, or simply due to an error in
measurement. An increase in the yearly average outside
temperature will cause an increase in the summer index or a
decrease in the winter index. Referring to the numerical
example, for instance, a 5°F (2.78°C) increase in the average
outside air temperature during the summer will represent an
increase of the cooling degree days from 2059 to 2824 for the
same number of days, or a 37% increase. This will increase the
summer index by 14.38 W/m2, which represents a 12.7%
increase of the reference summer index. On the other hand,
the winter reference index will decrease by 22.15 W/m? if the
average outside air temperature in winter increases by 5°F
(2.78°C). The latter represents a decrease of the heating degree

days (HDD) from 2789 to 1730 for the same number of days,

(i.e., a decrease of 38% of HDD). The change in the winter
index, thus represents a 19.5% of the reference winter index.
The change in the annual index / . follows from the relation

I, =730 (M5B AT, -M,5,B AT, ) (4D

The maximum effect of ambient temperature changes is felt
when there is a drift to simultaneous higher temperature in
summer and lower temperature in winter, than the reference
weather given. If the average daily summer and winter outside
temperatures are 83.46°F (28.59°C) and 46.84°F (8.24°C),
respectively, (i.e., a change of +5°F during the summer and
~5°F during the winter®® or an amplitude change of 38%).

30The annual average outside air temperature is calculated as 17.2°C
(62.93°F) based on 5 summer months at an average of 25.8°C
(78.46°F). and 7 winter months at an average of 11°C (51.84°F).
The changed annual average outside air temperature becomes 16.7°C
(62.1°F).

The differential increase in the yearly index I becomes
+165.7 kWh/(yr m?), i.e., an increase of 16,7 compared to the
reference conditions. This gives an EUI sensitivity to outside
air temperature variations in the order of 0.44, which could
have a significant effect on consumption.

A further examination of Eq. (41), shows that the
dominant parameter in AI  is the building characteristic slope
B. Building measures which reduce the overall transmission
U-factor, infiltration and ventilation ratés »_ and n_ will
reduce the magnitude of B, thus reducing the role of extreme
weather fluctuations on the annual energy consumption.

B. Outside Air Pressure

Variations of the outside air barometric pressure for the
example building could take place due to daily weather
changes caused by the movement of earth-air boundary layer,
or due to designing the building at a different elevation above
the sea level, or due to some errors in pressure measurements.
The specific heat-density product v depends mainly on
pressure changes (Ref. 4) and is proportional to the pressure P.
For instance, if the example building is located at an elevation
of 4000 ft instead of 2000 ft above sea level, the barometric
pressure P will change to 25.84 in. Hg, i.e., a decrease of 7.1%
from the given site pressure. The new value of 7y becomes
0.295 Wh/m3°C, and the slope AI/Ay is obtained from Egs.
(30) and (31) as:

QAI/AY), = h§, (n, +n)(T, - T),
(42)

(AL/AY),, =-hE, (1, +1) (T, - Ty,

This means that the lower the outside air pressure, the lower
the consumption will be in both seasons. The result of the
above elevation change is a decrease in the summer index by
0.4 W/m? and a decrease in the winter index by 3.9 W/m?,
which reduces the annual index by 3.9 W/m2, and reduces
the annual index, from Eq. (38), by only 21.4 kWh/m?. yr.
(i.e., -2% of the annual index). Hence, the effect of changing
the outside air pressure or having different site elevation is not
insignificant, with a sensitivity S in the order of +0.28.

C. Solar Radiation

Given that all other parameters are the same, the seasonal
variation of solar radiation falling on a given building site
would be affecting directly the building solar characteristic
R" for all wall orientations. Although there is an intrinsic
relationship between the solar radiation on a given area and
the earth-boundary layer outdoor air temperature, the two are
assumed independent of each other. The slope AI/AR" will be
obtained from Eqgs. (30) and (31) as
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e

(AI/AR"),
(43)

It

(AI/AR") = -5,

which shows the direct correspondence between solar radia-

tion and energy utilization index. For instance, an increase in
R" by 10% in both summer and winter due to either a change
in R" from Eq. (10), or even an error in computat1ons will
cause an increase in the summer index by 221 W/m? and a
decrease in the winter index by 2.51 W/m?2. This results in a
yearly index change of only -0.5%. The percentage change
represents a sensitivity S in the order of 0.05, which could be
larger if the summer increase of R” is accompanied by a
simultaneous decrease in winter. In this case, an increase of
10% of solar radiation in summer and a decrease of 10% in
solar radiation in the winter will cause the index 7, to increase
by 2.9%. The solar radiation sensitivity S is, therefore, in the
order of 0.3, which is also a significant part of the exterior
weather effects.

D. Wind Velocity

Changes in the local wind currents will affect the computa-
tions of the following quantities: (a) the building overall heat
transmission coefficients U, (b) the infiltration rate n_, due to
air leakage, and (c) the exterior wall heat transfer coefficient
6, which appears in the solar parameter R". An increase in the
wind velocity by Av, affects each of the above quantities
differently, for it w111 enlarge the coefficients & and U, but
will reduce the parameter R". The slope Al/Av, is obtained,
by differentiation, as:

(5),
).

Note that the wind velocity builds up a pressure on the
windward side of the building and a slight vacuum on the
leeward side. The outdoor pressure buildup causes air to
infiltrate in the windward side and exfiltrate on the leeward
side. Offsetting the infiltration/exfiltration air is usually made,

¢ [AR" +(T, -T) (AU + 7 An )],

(44)

<, [AR" +(T, - T) (AU +yh &n )],
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though not completely, by weather stripping and pressurizing
the air circulation loop. For the example building, one finds
that by inceasing the average wind velocity to 20 mph instead
of 10 mph (an increase of 100%), and assuming a negligible
change An_, then the change in the coefficient U, (using Eq.
A-9) will be from 1.13 to 1.275 Btu/(hr ft2°F) for glazing,
from 0.3 to 0.309 Btu/(hr ft2°F) for opaque walls, and from
0.18 to 0.183 Btu/(hr ft>°F) for the roof. The new overall
heat transfer coefficient will be 0.423 Btu/(hr ft*>°F) or 2.4
W/m?2°C. The solar parameter R"” will also change to 16.79
W/m? in the summer and to 12.77 W/m? in the winter. The
changes in the energy index will be -3.61 W/m? in the summer
and +6.63 W/m? in winter. The yearly index will change,
therefore, by +20.7 W/m?, i.., increases by 2.1% percentage.
The wind velocity effect, as a result, produces a sensitivity S in
the order of +0.02. Though the effect of wind speeds in
summer is advantageous to air conditioning for the wind acts
as a cooling medium, this function in winter becomes
undesirable. However, the sensitivity to wind currents is
generally of a negligible magnitude.

Vil. Summary

A simple analytical model is developed for the simulation
of seasonal heating and cooling loads of any class of buildings.
The model complements other computerized techniques,
previously developed also at the Deep Space Network Engi-
neering Section, to act as a design tool in screening and
evaluating energy conservation measures. A general expression
for the annual Energy Utilization Index (EUI) is given to
include about 30 parameters for both building interior and
exterior environments.

The first part of the study is focused on the EUI sensitivity
to exterior weather parameters. A hypothetical office type
building located at the Goldstone Space Communication
Complex, Goldstone, California, is selected for the numerical
analysis. The effects of variations in outside air temperature,
pressure, and solar radiation are found to be of the same order
of magnitude with a sensitivity range from 0.3 to 0.5. Wind
currents have shown a negligible effect on consumption. Part 2
of the study, which covers the effects of the interior
environment parameters, is being developed and will be
presented in a future TDA Progress Report.
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Table 1. Solar radlation and outside air temperature of the example building

Wall orientation Daily
average?
Month E w N S H outside air
temperature,b
Average daily solar radiation, Btu/ft2, Ref. 5 °C CF)

Jan 569 569 253 1249 942 6.4 (43.54)
Feb 778 778 334 1308 1296 11.1 (51.92)
Mar 970 970 415 1221 1703 12.1 (53.79)
Apr 1053 1053 513 911 1907 14.3 (57.67)
May? 1112 1112 627 747 2081 19.8 (67.57)
Jun? 1180 1180 700 711 2258 26.1 (78.96)
Jui® 1257 1257 650 797 2394 29.7 (85.42)
Aug? 1162 1162 511 1000 2147 29.1 (84.33)
Sep? 1017 1017 410 1294 1809 24.4 (75.96)
Oct 770 770 329 1326 1298 17.4 (63.33)
Nov 574 574 252 1276 953 10.7 (51.33)
Dec 544 544 225 1345 875 5.3 (41.50)
Daily average
intensity in
5 summer months,
Btu/hr ft2 47.73 47.73 24.15 3791 89.08
(W/m2) (150.5) (150.5) (76.2) (119.6) (280.9)
Daily average
intensity in
7 winter months,
Btu/hr ft2 3130 3130  13.82 5140 5342
(W/m?) 98.7) 98.7) (43.6) (162.1) (168.5)

8Summer months.

bFor Goldstone, California.
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Definition of Symbols

building characteristic thermal gain

gross floor area of building

building characteristic heat loss rate

energy cost

population or equipment density (per unit floor area)

electrical power input
emissivity

input fuel heat rate

duration of operation
average height of building zones
energy index

thermal conductivity of walls
months per season

number of occupants
number of air changes
atmospheric pressure

heat rate

average solar radiation power
sensitivity

sensible heat generated

temperature

effective heat transfer coefficient for walls

ajr flow rate
wind velocity

general input parameter
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x thickness

Y  general output parameter

o absorptivity of exterior walls

B load fraction provided by electric powered heaters or coolers
¥ specific heat times density product

A change

€ ventilation air/total circulation air ratio
7 efficiency

0 combined heat transfer coefficient by convection and radiation
A fracéion

T transmissivity of glazing

o Stefan-Boltzmann constant

2 building volume

Suffixes

a transmission by ambient air

ax accessories

¢ cooling effect

cm cooling mode

cony, convection part

cp cooling setpoint

d wind currents

e electrical device

ec electrical-powered coolers

eh electrical-powered heaters

eq equivalent

f fuel-fired device




fe heat-powered coolers

1h heat-powered heaters

g generated inside a space

h heating effect

hm heating mode

hp hot setpoint

i inside environment or internal to space
j index

l lights

m mechanical motor-driven macﬁines
o outside air

p people

pp power plant

r solar radiation effect

rad. radiation heat transfer part
s summer season

t transmitted through walls
v ventilation

w winter season

X infiltration/exfiltration

¥y yearly profile

Superscript

"

per unit gross floor area
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Fig. 1. Energy flows for the building model
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Appendix A

Heat Transfer Through Solid Walls, Roofs, Floors,
and Windows

Because of fluctuating changes in outside air temperature
and in incidence of solar radiation, the external thermal
environment is constantly changing. Thus steady-state heat
transmission seldom occurs in a building structure if short
periods (of the order of an hour) are studied. However, the
assumption of quasi-steady-state still provides a convenient
procedure for some longer periods in the order of 24 hours or
more. The following cases are examined assuming quasi-steady-
state heat transmission:

I. Heat Transmission Through Walls, Roofs,
and Floors

Consider the one-dimensional plane wall shown in Fig. A-1,
representing a composite wall, roof, or floor where the wall
height or width are large compared to the thickness x. The
interior and exterior heat transfer coefficients Bi and 60,
respectively, are combining the effects of convection and
radiation heat transfer. For the inside wall surface, the heat
transfer from the outside Q;’ through the wall interior at Tw’i
to the inside environment is written as

Q’t' =9, (Tw,f ) (A1)
where
oe, (T, ;= T})
01’ = 61’, conv, + T } : (A-2)
( w,i - i)

where ¢ is Stefan Boltzmann constant (0.1714 X 10~8 Btu/hr
ft*°R*) and e, is the emissivity of the interior wall.

On the other hand, the heat transfer through the outside
wall layer, at steady-state, is the sum of the absorbed portion
of direct solar radiation where the absorptivity is &, and the
combined convection and sky radiation effects.

Q't' = a, R" +00 (To - Tw’o) (A-3)
where 60 is written as
(ré -1 )
60 = 6o conv, to o (;w’o TW'O) (A'4)
o w,o
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In Eq. (A-3), R" represents the total incidence of solar
radiation (direct, diffuse and reflected) upon the exterior wall
surface, and Ts, represents mostly the sky temperature
although it includes the effect of neighboring surfaces. The
rate of heat transfer Q't' may also be expressed, from Eq. (A-3),
as

n
Qt = 60 (Teq. h Tw,o) (A'S)
where T,, is an equivalent outdoor temperature called the
sol-air temperature, which combines the effects of solar
radiation and outside air temperature T',. Equations (A-3) and
(A-5) give the fictitious temperature T, as

(A-6)

The heat transfer from the outside environment through the
composite wall QZ will cause a differential in temperature
(r,,- T, ) where

X,
QZ = (Tw,o - Tw,i) /Z“KT’—

(A7)

j i

where K; and X; are the thermal conductivity and the
thickness, respectively, for the jth layer constituting the
composite site.

Combining Equations A-1, A-5, and A-7 at steady-state, an
overall heat transfer coefficient U is obtained where the end
temperatures T, and T} are utilized:

Q) =U,,-T) (A-8)
and
v=L4+ Ll i
1/U = 7. + 7 t 2 K, (A9)

7

the determination of the coefficients, 8,, 0 ,, and U are usually
made either by direct calculations from Eqgs. (A-2), (A-4), and
(A-9) or from the literature such as Refs. 2, 3, 4, and 6 fora




variety of building materials. The coefficient 6, is particularly
dependent on the exterior wind velocity and the outside wall
surface emissivity. Substitution of the solair temperature
expression from Eq. (A-6) into Eq. (A-8) yields for a solid,
wall, roof, or floor

o R'U

o

0

o

Q= U(T,-Ty+ (A-10)

The first term in the right-hand side of Eq. (A-10) represents
the quasi-steady-state heat transmission to the space interior
Q, due to the ambient air temperature, while the second term
(a,R"U/B ) represents the solar portion Q. The latter is due
to the effect of solar radiation intensity as it falls on the
outside surface with the modifier ratio (U6 ).

ll. Heat Transmission Through Windows

The same discussion presented in Section I applies for the
heat transmission through fenestration areas. Equations (A-2),
(A-4), and (A-9) are also applied using the glass properties in
place of the wall properties. However, the total heat transmis-
sion to the interior space will be somewhat different from that
given by Eq. (A-10) since it should allow for the directly
transmitted solar radiation portion 7R". Accordingly, the
modified expression Q’t' for the glazing areas (Ref. 6) will be:

aR"U
0

o

Q' = U(T,-T)+ [: + TR"] (A-11)

The first term in the right-hand side in Eq. (A-11) is similar to
that in Eq. (A-10), representing the heat transmission portion
Q;' due to the temperature difference between internal and
external environments, while the second bracketed term
represents the solar portion Q'r'. For common window glass,
the absorptivity is in the order of 3% and the thermal
resistance portion in Eq. (A-9), (Zx;/K)) could be neglected.
Therefore, !

1 1
o )
glass Gi 00

The term aR"U/8,, is reduced to oR"/(1 +86,/6,) which could
be entirely neglected from Eq. (A-11). Hence, for low
absorptivity glass

(A-12)

" =U(T,- T)+1R"

Qt,glass (A-l 3)

Equations (A-10) and (A-13) constitute the basic equations
needed to determine Q;’, combining all walls, floors, roofs and
glazing areas.
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Appendix B

Major Air Handling Systems

This appendix is an extension of the building model
presented in Section II, where four major types of air-handling
systems and their temperature controls are presented. The
cooling and heating loads Q,, and Q,, for each of the four air
handlers are analyzed to show their differences.

I. A Dual-Duct System

The dual-duct air handler system is used for multizone
applications where two parallel ducts are employed — one
carrying cold air, the other warm air. The air flow rate to each
Zone is constant at all times. In each conditioned zone or
space, a mixing box actuated by a room thermostat mixes the
warm and cold air in the proper proportions to satisfy the
varying space temperature needs. In all seasons, regardless of
the net internal heat gain or loss, simultaneous cooling and
heating of the air are needed at the air handler. Figure B-1
shows the temperature of air in the various stations. Simple
mass and heat balance equations are written for the control
volume encompassing the space, which is kept at T ; and has an
internal load Q; together with the mixing box. The mixing box
mixes two air streams: the cold stream with a flow rate V_ at
temperature 7, and the hot stream with a flow rate V), at
temperature T}, ,. Hence,

V. +V, =V
TVc Tcp+7Vh Thp+Qi = 7VTi

Solving for Vc and v, gives

V, = Q41 VT, - T (T,,-T,) (B

cp

Ve = V(T -T,) -0l (T,,-T,) (B2

cp

Denoting the mass ratio of ventilation air to total circula-
tion air by e, the mixed air temperature T, , is obtained from
a heat balance of the mixing process as:

T,,=€l +(1-¢T,

m
or

T = e(To— T’.)+T'.

ma

(B-3)

The cooling load of the cooling coil Q, will be written as:

Qc =7 Vc(Tma - Tcp)
By substituting for ¥, and T, , using Eqs. (B-1) and (B-3) and

using the definition of the ventilation heat gain Q, from Eq.
(13), then

Q, = 10, +vV(T,,- TIIQ, +yV(T,- T )]/
v a,, - T,)l (B4)

Similarly, the heating load of the heating coil Q, will be
expressed as

0, =W, (T, T,,)
or
-0, = bWV (@, T,))- 010, 1V (T, - T)] |
[V (T,,~ T,,)] | (B-5)

If the cold setpoint T, or the flow rate V are adjusted in
the cooling mode such that on the average

Q,=7({T,-T,)

then, it follows from Eq. (B-5) that no heating is needed and
the average cooling load will be equal to

Qc = Qi + Qv (B'G)

On the other hand, if the hot deck temperature T, or the
flow rate V are adjusted in the heating mode such that on the
average

~Qi = 7V(Thp— T',)

Then, it follows from Eq. (B-4) that the cooling load @, will
be zero, and the average heating load will be equal to

-0, = 0,*0, (B-7)

85




In practlce the temperatures T, and T}, , are about 50°F and
80°F in the cooling season, respectlvely, and 60 and 100°F in
the heating season. Consequently, simultaneous heating and
cooling energies are always required to condition the space
according to Egs. (B-4) and (B-5) for 0, and Q,, computations
in any season. However, a heat balance of the control volume
encompassing the building and the air handler would still yield
at all times:

0,0, =0,+0, (B-8)

Equation (B-8) can also be verified by summing the equipment
loads for the general case, which are represented by Eqs. (B-4)
and (B-5), and also for the seasonal average case, as repre-
sented by Eqs. (B-6) and (B-7).

Il. Face and Bypass Damper System

-The second common air-handling system is sketched in Fig,
B-2, where either heating energy or cooling energy is expended
at one time in a constant air flow. The air temperature
modulation is made by using bypassed mixed air dampers to
suit the varying space internal loads. Coohng only takes place
if the sum (Q, + @) is positive (or T, > T ), while heating is
only taking place if the sum Q, + Q L) 18 negatlve (or T, <
T"). A simple heat balance of the control volume encompass-
ing both the building and the air-handling system gives for the
first case when (Q'. + Qv) is positive:

g,=0
(B-9)
g, =0,+0,
If(Q; + Q) is negative, then
Q,=0
(B-10)
_Qh = Qi +QV

For this type of air handler, either Eq. (B-9) or Eq. (B-10) is
applied to determine the equipment loads at a given hour. The
equipment controls operate the heating or cooling coils at one
time according to the algebraic sign of the sum (Q; + Q). This
type of air handler is found advantageous for buildings, such as
theaters, supermarkets, central control buildings, etc., with
large positive internal heat gain Q, which requires a cooling
energy expenditure all year around.
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lll. Variable Air Volume System

Ve $ 47 G ¥ 2 WP [N N, (RN )]

In a variable air volume (VAV) system, as sketched in Fig.
B-3, the supply air temperature is held constant (either at the
cold setpoint or the hot setpoint) while the amount of air
flowrate is changed to satisfy the varying space load require-
ments. The VAV system controls are thus in contrast with the
constant volume air handler systems where the air flow rate to
a space remains the same while the supply air temperature is
varied to suit the varying space loads. Multizone dual ducts
with cold and hot air streams and VAV controls are used to
supply either cooling or heating energies according to different
zone needs. Subject to a zone internal load, either heating or
cooling is supplied at one time. Similar to the case of face and
bypass damper system, the cooling mode will only take place
if the sign of the sum (Q, + Q,) is positive and heating will
only take place if the sum (Q, + Q,) is negative. Accordingly,
the above Egs. (B-9) and (B-10) are also applicable to VAV

air-handler systems.

IV. Single Cold Duct and Terminal
Reheat System

The temperature control in this type of air-handler system,
as sketched in Fig. B-4, is achieved by two different
mechanisms. First, in the cooling mode, the mixed air stream
is cooled to -a fixed cold setpoint temperature 7 , inde-
pendent of the load variations, but this is followed by a
variable-degree heating process up to the desired supply air
temperature. Second, for the zone heating mode, the cooling
equipment is turned off and only the terminal zone heater is
operated to raise the mixed air temperature 7', ~up to the
desired supply air temperature. Cooling or heating modes
depend on the sign of the net heat gain (Qi +Q ). A simple
heat balance of the control volume, including the building
space and the heating coil, as sketched in Fig. B-4, yields the
following:

(1) When (Q, + Q) is positive, the system is in the cooling
mode where,

-0, = Q- W ({T,-T,)

Q,=0,+7V(T,-T,)

(B-11)

which satisfies the energy balance equation for the
building and the air handler:

0-0,=0,+0,

Note that if T,, is adjusted such that the average
conditions of the cooling mode is




Q, =7(T,-T,)

no heating will be required, and the cooling load Q@ is
reduced to

Qc = Qv + Qi (B'lz)

(2) If (Q; + Q,) is negative, the system is in heating mode.

g =0
"Qh Qi+Qv

Therefore, if the average building conditions for cooling and
heating modes are assumed, it will enable the separation of
equipment loads and facilitate the computations of the energy
consumption during each season.

(B-13)
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